INTRODUCTION
Complex transcriptional programs elicited by nuclear factor binding to regulatory elements are key processes in cellular systems, including macrophages (1) . In silico computational approaches and in vitro assays have been widely used to determine the DNA binding characteristics of transcription factors. However, DNA binding sites are often highly flexible, and a purely bioinformatic prediction of motifs often lacks specificity, yielding a large number of false positives. Moreover, in vitro techniques such as electrophoretic mobility shift assays are poor predictors of actual binding in the nucleus. In vivo DNA footprinting and ChIP-PCR have overcome these problems for a small number of selected genomic loci but do not allow the identification of novel targets for transcription factors (2, 3) .
The combination of chromatin immunoprecipitation with DNA microarrays (ChIP-chip) is an emerging tool to generate genomewide maps of in vivo DNA-protein interactions (4, 5) . Successful ChIP-chip experiments principally rely on three important factors: (i) experimental optimization of immunoprecipitation for the given nuclear protein; (ii) DNA labeling, microarray hybridization, and processing; and (iii) data analysis and sequence identification at the genome level (6) . Established protocols for chromatin immunoprecipitation with pioneering work from the Farnham laboratory (7, 8) and standardized microarrays (9, 10) helped to increase the reproducibility and minimize the experimental bias. Nonetheless, in contrast to gene expression micrarrays, ChIP-chip raw data analysis still requires several laborious and complicated bioinformatic steps and several programs to generate useful biological information. Thus, analysis of promoter tiling arrays initially requires algorithms for normalization of single probe intensities and calculation of signals and P values. After defining thresholds and window sizes, logarithmic ratios of transcription factor-enriched versus non-enriched genomic regions are used to identify positive chromosomal intervals (peaks). Independent programs and genomic databases are then used for annotation and identification of neighboring genes. Given that well-characterized nucleotide matrices are available for the transcription factor, in silico analyses can be performed to narrow and allocate putative binding sites. Moreover, the sequences of identified target regions can be used to generate binding matrices.
Although several programs have been described that cover single parts of these analysis steps, software packages combining all key features of ChIP-chip results are rare. We explored whether we could successfully implement a single workflow that integrates all steps of microarray analysis, identification of genomic regions, correlation with transcription factor binding sites, and gene network analysis. As an example, we report here the first genome-wide identification of target promoters for the hematopoietic transcription factor PU.1 in macrophages using the Affymetrix GeneChip Mouse Promoter 1.0R arrays (Affymetrix, Santa Clara, CA, USA) and the ChipInspector software tool (Genomatix GmbH, Munich, Germany).
MATERIALS AND METHODS

ChIP-chip Assay
Chromatin immunoprecipitation from RAW264.7 cells was performed as described previously (11) . Briefly, 10 6 RAW264.7 cells were cross-linked for 10 min with formaldehyde, nuclei were lysed, and the chromatin was prepared by sonication. The lysates were precleared with 5 μg salmon sperm DNA/sepharose CL-4B beads and precipitated with 2.5 μg polyclonal PU.1 antibody or IgG rabbit isotype control (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Complexes were recovered with protein A-/protein G-sepharose beads (Upstate, Lake Placid, NY, USA) and cross-linking was reversed. The DNA was purified with QIAquick PCR purification columns (Qiagen, Hilden, Germany) and enrichment was analyzed by quantitative real-time PCR with primers amplifying the known PU.1 target promoter Dap12 (forward, 5 ′ -TCAAGGCCCAGAGAAGCT AA-3′; reverse, 5′-CATGAGCTGA GGACACAG-3′).
Three biological replicates for PU.1 and IgG were generated and successful enrichment was confirmed in each experiment. For ChIP-chip, PU.1 and IgG-immunoprecipitated DNA were Short Technical Reports amplified, fragmented, and labeled according to the Affymetrix ChIP Assay Protocol (www.affymetrix. com/support/downloads/manuals/ chromatin_immun_ChIP.pdf). Seven and a half micrograms of ∼500 bp DNA fragments were hybridized to six Mouse Promoter 1.0R GeneChips (Affymetrix). Each single array interrogated more than 25,000 promoters with a coverage of 6 kb upstream and 2.5 kb downstream of transcription start sites. The 25-mer oligonucleotide probes were tiled at a resolution of 35 bp with gaps of 10 bp, allowing the identification of enriched elements with an optimal resolution and specificity. After scanning, the cell intensities of each feature were computed with the GeneChip Operating Software (GCOS; Affymetrix) to obtain CEL files.
DATA ANALYSIS
Standard Analysis with Affymetrix TAS, IGB, and CEAS
The Affymetrix Tiling Analysis Software (TAS), version 1.1, was used to calculate signal intensities and P values of comparative CEL files and to compute significantly enriched genomic intervals as described in the user guide with several manual editing steps (www.affymetrix.com/support/ developer/downloads/TilingArray Tools/TileArray.pdf). First, CEL files for treatment and control groups were defined, and the genomic location files supplied by Affymetrix (BPMAP files) were imported. Next, scaling to a target intensity of 100 was performed and quantile normalizing was chosen with a bandwidth of 250 bp for probe analysis. This generated a TAG (tile analysis group) file, which was further used for intensity data analysis. Threshold settings for a one-sided test were P < 0.001 and log2 ratios >1. The probe analysis resulted in a signal and P value for each genomic position stored in two BAR files. For interval calculation the minimum size of positive regions was defined as 100 bp with a maximum tolerated gap between positive positions of 50 bp. Using the Affymetrix Integrated Genome Browser (IGB), 1458 significant intervals were computed from the overlap of the two BED files with P values and signals above manually defined thresholds.
We then used the cis-Regulatory Element Annotation System (CEAS) web server (ceas.cbi.pku.edu.cn) (12) for identification of neighboring genes and motifs in the enriched genomic intervals. A genomic liftover of the Affymetrix BED file coordinates, performed with the Batch Coordinate Conversion function at the UCSC Genome Browser (13), was required to obtain the National Center for Biotechnology Information (NCBI) Mouse Genome Assembly Build 36 or USCS mm8. The annotation of all ChIP regions was put on a queue and output files were ready for download within one to two days. The output files were stored for three days and contained gene mapping information and single motif analysis.
ChipInspector Data Analysis
As an alternative to TAS and CEAS, retrieval of significantly enriched regions and promoters was performed using the automated Genomatix ChipInspector package. After importing the CEL files into ChipInspector, the process of linear total intensity normalization and log2 transformation was carried out. The procedure combines a one-class statistical analysis (treatment-control pairing) with exhaustive matching and nine different comparisons. A singlesided permutational t-test related to the significance analysis of microarrays algorithm (14) was performed at the single probe level. A minimum of four consecutive significant probes in a window size of 300 bp was used as a standard setting based on our own experience with Affymetrix GeneChip Mouse Promoter arrays. Then, the observed relative difference, d(i), over the expected relative difference, dE(i), was calculated for each oligonucleotide probe with a very stringent false discovery rate (FDR) of 0.1%. This 
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based. In the position-based view (Supplementary Figure S1A , available online at www.BioTechniques.com), all probes are presented along the chromosomes with their significance levels, log2 ratios, nearby promoter regions, and transcription start sites based on CAGE tags. In the annotation-based view (Supplementary Figure S1B) , allocated transcripts, probe coverage, and log2 ratios are given in a table.
By clicking on the accession number of a gene, the position-based view of the genomic structure with promoter regions and significant probes is displayed. The complete list of PU.1 target genes has been deposited in the NCBI Gene Expression Omnibus (GEO; www.ncbi.nlm.nih.gov/geo) and is accessible through GEO Series accession no. GSE9011.
RegionMiner Sequence Analysis
Enriched regions from ChipInspector analysis were directly subjected to downstream sequence analysis using the RegionMiner tool (Genomatix) (Supplementary Figure S2) . RegionMiner displays the location of the next gene loci, predicted promoter regions, and transcription start sites. Orthologous sequences were extracted for comparative genomic analysis, and single transcription factor binding matrices were scanned with MatInspector (Genomatix). Transcription factor frameworks were predicted by combined motif analysis and comparative genomics with orthologous Colors indicate the level of enrichment from yellow (low) to red (high). The minimum enrichment (yellow) was a log2 ratio of 1.9 and maximum enrichment was a log2 ratio of 3.4 (red). Several well-characterized PU.1 targets like Csfr1, Cd molecules, Fc-receptors, and C-type lectins were co-cited in medical subject headings (indicated by black lines) and contained predicted PU.1 binding sites (shown by green lines), revealing a high biological relevance of the promoters retrieved by our statistical analysis.
A A B C D D E
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promoter regions using FrameWorker (Genomatix). The de novo definition of a DNA matrix from the enriched promoter regions was performed with CoreSearch (Genomatix).
Bibliosphere Pathway Analysis
Bibliosphere Pathway Edition (Genomatix), which combines literature analysis with genome annotation and promoter analysis, was used to create a PU.1-directed regulatory network as described previously (15) . A subgroup of ChIP-chip enriched genes consisting of surface receptors and chemokines was clustered according to co-citation and presence of PU.1 binding sites in the proximal promoter regions. The color-coded level of enrichment ranged from log2 ratios of 1.9 (Tlr3) to 3.4 (Fcgr1).
RNA Expression Analysis
Duplicate Affymetrix Mouse Genome 430 2.0 arrays were hybridized with RNA from RAW264.7 cells. Preparation and labeling of cRNA, hybridization, washing, scanning, and data analysis were performed according to the Affymetrix standard protocol as described previously (16) .
RESULTS AND DISCUSSION
We performed genome-wide scanning for in vivo PU.1 binding sites in mouse macrophages using ChIP-chip analysis. Triplicate immunoprecipitations were carried out for both PU.1 and IgG control antibodies and six Affymetrix GeneChip Mouse Promoter 1.0R arrays were hybridized ( Figure 1A ). Several options exist for the analysis of ChIP-chip data from tiling arrays with different levels of integration. In this study, the CEL files containing cell intensities of each microarray feature were either subjected to data analysis with the open-source software packages TAS/IGB/CEAS ( Figure 1B ) or completely analyzed with the Genomatix ChipInspector workflow ( Figure 1C ).
TAS/CEAS Analysis
Three major steps of TAS are the definition of analysis groups, generation of intensity data, and interval analysis. A number of cumbersome manual editing steps are necessary and the creation of individual file types is especially time-consuming. Although cut-offs for significance levels and log2 ratios can be adjusted, TAS does not provide an estimation of the FDR, which is very useful for limited projects with a small number of biological replicates. Individually created BED files with genomic intervals displaying significant signals or P values require visualization in IGB to calculate and overlap single BED files. Since the Affymetrix BPMAP files do not represent the latest genome sequence assemblies, a genomic liftover to receive NCBI Mouse Genome Assembly Build 36 or USCS mm8 was necessary. In order to obtain the sequences of the enriched regions, the BED file with 1458 significant intervals calculated in TAS was uploaded to the CEAS remote server. CEAS reports ChIP regions within proximal promoters (1 kb upstream from transcription start sites), exon sequences, introns, and enhancers. Unfortunately, the regions specifically covered by Affymetrix Promoter arrays (6 kb upstream and 2.5 kb downstream from transcription start sites) cannot be easily assigned and comprehensive distance calculation is not possible. Although the results were in general satisfactory, with 1018 neighboring RefSeq promoters assigned to the 1458 ChIP regions (Table 1) , the complete workflow is very laborious and lacks flexibility, since all analysis steps must be recomputed and data conversions repeated when initial parameters are modified.
Genomatix ChipInspector Analysis
The Genomatix ChipInspector analysis pipeline offers the convenience of a closed system, which does not require data upload to a remote server. The complete workflow from primary data analysis to motif discovery and network analysis is integrated ( Figure  1C ). ChipInspector automatically performs data normalization, log2 transformation, and microarray significance analysis with an FDR estimation. With an FDR of 0.1%, 35,101 significant probes were retrieved, and annotation against the mouse genome provided 1202 promoter intervals with four adjacent significant probes in a window size of 300 bp (Table 1) . Two options are available for displaying significant probes (Supplementary Figure S1) . The position-based view allows sequence browsing along the chromosomes with rapid jumping to clusters of significant probes or nearby promoter regions. The number of significant probes and the sliding window size can be varied and the program rapidly recomputes genomic regions. In the annotationbased view, a result table with gene IDs, accession numbers, probe coverage, and log2 ratios of enrichment is displayed. Supplementary Figure  S1 provides a simultaneous view of both options showing the Fcgr1 locus with significant PU.1 binding to the proximal promoter region.
Comparison of Results from the Two Workflows
The lists of PU.1-enriched promoter regions calculated by TAS/CEAS and ChipInspector are shown in Table  1 . Despite a large overlap of 838 promoters, ChipInspector uniquely identified 364 promoters, whereas TAS/CEAS uniquely mapped only 180 specific gene regions. Since PU.1 is an activating transcription factor in macrophages, we hypothesized that the overall expression level of true PU.1 target genes might be higher in macrophages than average transcripts. RAW274.6 RNA was hybridized to Affymetrix expression arrays and the normalized expression intensities were plotted for selected gene groups ( Figure 2A ). All genes on the array showed a very broad but generally medium expression pattern. PU.1 targets identified with both TAS/CEAS and ChipInspector showed markedly higher transcript levels than the group of genes with expression above the significance threshold. Interestingly, PU.1-bound promoters computed with ChipInspector were transcribed at higher levels than TAS/CEAS-only predicted genes. This indicates that ChipInspector identified more trueand fewer false-positive promoters than TAS/CEAS. This is also in agreement with the deduced number of two falsepositive promoters one could expect from significance analysis at an FDR of 0.1%.
Localization and Characterization of PU.1 Binding Sites
We were then interested in determining the genome-wide location of PU.1-enriched regions in mouse promoters and in correlating these with predicted transcription factor binding sites. The RegionMiner sequence analysis tool (Supplementary Figure  S2) , which is directly connected to ChipInspector, is capable of extracting the genomic sequences and exact positions relative to gene annotations. The location analysis for 6.5 kb upstream and 3.5 kb downstream of transcription start sites strikingly showed that the vast majority of PU.1-precipitated regions is located in the very proximal core promoter region ( Figure 2B ). Motif analysis of these regions and related orthologous sequences using MatInspector showed a significant overrepresentation of five matrices compared with all mouse promoter regions ( Table 2 ). The V$SPI1_PU1.02 matrix had the most hits in the enriched promoters and displayed a strong phylogenetic sequence conservation (70%) with no obvious strand bias. The other four enriched motifs were all PU.1-related, implicating a high overlap of predicted transcription factor motifs with in vivo PU.1-bound DNA elements in mouse macrophages. We further used the Genomatix CoreSearch feature to create a novel position weight matrix from the retrieved promoter sequences ( Figure  2C ). The novel sequence is similar to published PU.1 binding sites but implicates a stronger contribution of A and G nucleotides at positions 1 and 4 of the matrix, respectively. Overall, our analysis indicates that PU.1 controls macrophage gene expression via a GA-rich sequence in the core promoter region.
In addition to a global analysis of enriched regions and sequence motifs,
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ChipInspector allows in-depth analysis of individual promoter regions, displaying a detailed graph of the gene structure with all probes in its locus. Figure 2D illustrates the significantly enriched probes for a known PU.1 target (Fcgr1) and a newly identified PU.1-bound promoter (Clec5a). The linked FrameWorker option (Supplementary Figure S2) was chosen to identify evolutionarily conserved regions containing the Ets/PU.1 matrix as a mandatory element. The significant probes for both promoters were matched with the predicted frameworks (a combination of at least two binding sites; Supplementary Figure  S3 ), enabling the rapid identification of one conserved motif as the most likely PU.1 binding site in the Fcgr1 promoter annotated with a peak of four probes. In the Clec5a proximal promoter, we identified two adjacent sites in a broader region covered by at least six probes, indicating PU.1 binding to tandem motifs in this promoter.
As a proof-of-concept to identify functional relationships between a subset of significantly enriched ChIP-enriched promoters, Bibliosphere pathway analysis was carried out and a PU.1-directed regulatory network was retrieved ( Figure 2E ). Several wellcharacterized PU.1 targets like Csfr1, Cd molecules, Fc-receptors, and C-type lectins were co-cited in medical subject headings (indicated by black lines) and contained predicted PU.1 binding sites (shown by green lines), revealing a high biological relevance of the promoters retrieved by our statistical analysis. A complete regulatory network analysis for all PU.1 target genes is under way.
Conclusion
Most options for analysis of ChIP-chip data require many bioinformatic steps and individual software tools. By comparison with the opensource TAS and CEAS tools, we have demonstrated that the Genomatix ChipInspector workflow considerably facilitates and enhances ChIP-chip analysis to deduce transcription factor target genes. This notion is supported by the high degree of overlap between our experimental data, the bioinformatic motif prediction, and the pathway analysis. Genomatix ChipInspector accepts several microarray formats including files from Affymetrix, Illumina, Agilent, and NimbleGen, and further improvements of the analysis pipeline can be expected by comparative data from different array platforms.
